Isoprene is synthesized through the 2-C-methylerythritol-5-phosphate (MEP) pathway that also produces abscisic acid (ABA). Increases in foliar free ABA concentration during drought induce stomatal closure and may also alter ethylene biosynthesis. We hypothesized a role of isoprene biosynthesis in protecting plants challenged by increasing water deficit, by influencing ABA production and ethylene evolution. We performed a split-root experiment on Populus nigra L. subjected to three water treatments: well-watered (WW) plants with both root sectors kept at pot capacity, plants with both root compartments allowed to dry for 5 days (DD) and plants with one-half of the roots irrigated to pot capacity, while the other half did not receive water (WD). WD and WW plants were similar in photosynthesis, water relations, foliar ABA concentration and isoprene emission, whereas these parameters were significantly affected in DD plants: leaf isoprene emission increased despite the fact that photosynthesis declined by 85% and the ABA-glucoside/free ABA ratio decreased significantly. Enhanced isoprene biosynthesis in water-stressed poplars may have contributed to sustaining leaf ABA biosynthesis by keeping the MEP pathway active. However, this enhancement in ABA was accompanied by no change in ethylene biosynthesis, likely confirming the antagonistic role between ABA and ethylene. These results may indicate a potential cross-talk among isoprene, ABA and ethylene under drought.
Introduction
Isoprene, the most abundant volatile hydrocarbon emitted from a wide range of plant species, plays important roles in protecting plants from abiotic stresses. Isoprene formation depends on photosynthesis in non-stressed plants. However, during water stress progression isoprene emission becomes progressively decoupled from photosynthesis (Sharkey and Yeh 2001, compensate increasing stomatal resistance to exit from leaves (Fall and Monson 1992) . Second, multiple carbon sources may be used to form isoprene. When photosynthesis is severely inhibited by stresses, mobilization of extrachloroplastic carbohydrate sources may contribute to isoprene biosynthesis (Funk et al. 2004 , Schnitzler et al. 2004 , Brilli et al. 2007 . Third, isoprene biosynthesis may be sustained indirectly by reduced transpiration in water-stressed leaves (Grote et al. 2014) . Water-stressed leaves are warmer because reduced stomatal conductance does not allow efficient dissipation of latent heat through the transpiration stream. Isoprene biosynthesis sensitivity to temperature is well known (e.g., Loreto 1993, Fares et al. 2011 observed two times higher isoprene emission rates at 30°C than at 25°C) and water-stressed leaves may be several degrees centigrade warmer than leaves transpiring at regular rates. Fourth, it has recently been suggested that available reducing power exceeding that used for CO 2 fixation may be used to support the biosynthesis of isoprene under water stress (Harrison et al. 2013 , Tattini et al. 2015 .
There may be good reasons why plants invest carbon in isoprene also during stress episodes. In woody plants that are strong isoprene emitters, this molecule might improve drought resistance (Brüggemann and Schnitzler 2002) . Isoprene scavenges reactive oxygen/nitrogen species Velikova 2001, Vickers et al. 2009 ) and improves the stability of thylakoid membranes (Singsaas et al. 1997 , Velikova et al. 2011 , which are both important mechanisms to counter droughtinduced photooxidative stress (Ryan et al. 2014 ). Antioxidant activity is indeed needed to generally cope with stresses, and this is why isoprene is believed to have a generic antioxidant action, rather than be specifically active under water stress conditions (Vickers et al. 2009 ).
Isoprene is synthesized from isopentenyl diphosphate and its isomer dimethylallyl diphosphate (DMADP) through the chloroplastic 2-C-methylerythritol-5-phosphate (MEP) pathway that also produces longer chain isoprenoids, such as carotenoids and abscisic acid (ABA). In severely water-stressed leaves, isoprene biosynthesis was shown to prevent the accumulation of DMADP and its feedback inhibition of 1-deoxy-D-ribulose-5-phopsphate synthase activity (Banerjee et al. 2013 , Ghirardo et al. 2014 . Isoprene emission under severe water stress may, therefore, contribute to channel more carbon in the whole MEP pathway (Tattini et al. 2014) . The observation that foliar ABA concentration was much higher in isoprene emitting than in nonemitting lines of tobacco under severe water deficit (Tattini et al. 2014 ) is also consistent with the hypothesis that isoprene biosynthesis could act as a 'proxy' of foliar ABA (Barta and Loreto 2006) .
The routes through which the biologically active form of ABA (free ABA) accumulates in leaf, and the general importance of hydraulic vs chemical signaling in the regulation of stomata aperture during water stress is still a matter of debate (Schachtman and Goodger 2008 , Tombesi et al. 2015 . Abscisic acid-mediated stomatal closure may occur directly by affecting stomata guard cells (Desikan et al. 2004) , as well as indirectly, by decreasing leaf hydraulic conductance through inactivation of bundle sheath aquaporins (Pantin et al. 2013) . Abscisic acid has long been reported to mediate root-toshoot signaling under water stress Zhang 1991, Martin-Vertedor and Dodd 2011) . When root water uptake and transport is limiting (being less than transpirational demand), leaf water status declines and ABA biosynthesis is triggered in leaves via a turgor-dependent mechanism (Christmann et al. 2007 , 2013 , Endo et al. 2008 . In other words, ABA might act downstream of the hydraulic signal in communicating water stress between root and shoot (Christmann et al. 2007) . This model implies a combination of hydraulic and chemical signals in mediating root-to-shoot communications to maintain a proper water status in plants affected by water stress (Davies et al. 2005 , Zhang et al. 2006 ). In addition, free ABA may originate from de-conjugation of ABA-glucoside, the inactive/storage form of ABA (Lee et al. 2006) , both from the vacuole and in the apoplast. This one-step reaction to produce free ABA might allow leaves to respond promptly to sudden alterations in leaf water status (Xu et al. 2012 , Arve et al. 2013 .
Enhancement in free ABA levels in leaves during water stress progression may also alter the biosynthesis of other hormones, such as ethylene. Abscisic acid restricts ethylene biosynthesis under severe water stress, thus counteracting ethylene-induced inhibition of shoot and leaf growth (Sharp 2002, Wilkinson and Davies 2010) . Alternatively, ethylene can antagonize the effect of ABA on stomatal closure (Chen et al. 2013) . However, how these stress hormones interact in mediating stomata closure during water stress remains an open question (Beguerisse-Díaz et al. 2012) . Dodd et al. (2009) demonstrated that rootsupplied ABA (from a wild-type tomato rootstock) decreased leaf xylem 1-aminocyclopropane-1-carboxylic acid (ACC) concentration in an ABA-deficient scion, suggesting that root-sourced ABA can suppress foliar ethylene biosynthesis by affecting rootto-shoot ACC signaling. However, there is still uncertainty whether root ABA may affect the root-to-shoot transport of ACC, or whether leaf ABA may inhibit the biosynthesis of ethylene by repressing the activity of ACC oxidase, which promotes the release of ethylene from ACC in leaf (Arc et al. 2013) .
We hypothesize that isoprene biosynthesis provides 'indirect' protection in plants challenged by increasing water deficit, e.g., by influencing ABA production (and, as a consequence, stomatal closure) and ethylene evolution, at least under mild water stress. The aims of this experiment were: (i) to test the response of Populus nigra L. against moderate and severe water stress in terms of isoprene emission with concomitant analysis of hormonal signals (ABA and ethylene) and physiological traits (gas exchange, chlorophyll fluorescence and water relations); and (ii) to elucidate the potential link between isoprene emission, ABA biosynthesis and ethylene evolution at the leaf level during water stress. We used a split-root system in which the root sectors were fully irrigated (well-watered plants, WW), only one-half of the root system was irrigated (WD) or neither half of the root zone was irrigated (DD). In the WD plants we considered that the water stress would be moderate and, therefore, only expected the hormone-mediated long-distance signal. For moderate water stress we expected a minor impact on photosynthesis, resulting in an increase of available carbon pool to synthesize secondary metabolites. On the other hand, in the severely water-stressed plants (DD) we expected both hormonal and hydraulic root-toshoot signaling to control the plant response to water stress. Under severe water stress, a decline in isoprene emission, matching gas exchange, was expected.
Materials and methods
Plant material, growth conditions and treatment with the split-root system Populus nigra L. cuttings from a clonal provenance trial in Italy were planted in 6 dm 3 pots containing a mixture of sand:peat:
loam (1/1/1, v/v/v) 1 year before the experiment. Saplings grew outdoor under natural sunlight irradiance, and were fertilized with full strength Hoagland's solution every 2 weeks to prevent nutritional constraints to plant growth (Magnani et al. 1996) . The following year, before budburst, the root apparatus of each sapling was vertically partitioned, and each root portion was grown in 4 dm 3 pots over a 3-month-period to allow uniform plant development and acclimation to the split-root condition. Saplings were kept at pot water capacity before the onset of water stress treatments, that was applied to plants on average~70 cm tall and a with stem diameter of~2.0 cm (see Supplementary Data at Tree Physiology Online). Water treatments were imposed as follows: optimal irrigation to both root compartments (WW), withholding water to one compartment and irrigating the second compartment to pot capacity (WD), or withholding water to both root compartments (DD). Watered root compartments were irrigated daily, just before dusk. The water stress treatments ended when stomatal conductance to water (g s ) in DD leaves approached on average 10% of g s in WW (Brilli et al. 2013 ). Plants were grown in a climate-controlled greenhouse with an ambient day/night temperature of 25/18°C, daily photoperiod of 10 h with a photosynthetic photon flux density (PPFD) of 700 μmol m −2 s −1
, and a relative humidity of 50-60%. Newly fully expanded leaves were used for all measurements.
Plant water status
Plant water status was estimated through measurements of leaf water potential (Ψ l ) during the stress period and measuring gravimetric soil water content (SWC) (Kramer and Boyer 1995) at the end of water treatment. Leaf water potential was measured after every gas exchange measurement using a Scholander-type pressure chamber (SKPM1400, Skye Instruments, Llandrindod Wells, UK). At the end of the experiment, soil cores were collected from each root partition, weighed and dried in an oven at 105°C for 48 h. Soil water content was then calculated as gravimetric fraction by dividing the difference between soil core weight before and after drying to the initial core weight.
Leaf gas exchange and chlorophyll fluorescence Gas exchange and chlorophyll fluorescence measurements were performed simultaneously, from 9:00 to 12:00 h, using a portable infrared gas analyzer (IRGA) LI-6400 (Li-Cor, Inc., Lincoln, NE, USA). Measurements were conducted on a 2 cm 2 central leaf portion exposed to PPFD of 1000 μmol m −2 s −1
(provided by red and blue light diode source), CO 2 concentration of 390 ppm, 40-50% relative humidity and leaf temperature of 30°C. An outer gasket was added to the LI-6400 leaf clamp, creating a buffer connected by a short tube to the exhaust air of the leaf chamber to reduce the diffusion leaks of the leaf chamber. In this way, the CO 2 and water vapor gradients between cuvette inside/outside were minimized. Net photosynthesis (A), g s and intercellular CO 2 concentration (C i ) were calculated from gas-exchange measurements by the IRGA software. The electron transport rate (ETR) was calculated from chlorophyll fluorescence measurements of the quantum yield in the light of PSII (Φ PSII ) using the equation (Krall and Edwards 1992 ):
The factor 0.5 in Eq.
(1) assumes an equal distribution of absorbed photon between PSI and PSII, and 0.87 is the leaf absorbance.
Isoprene emission
On-line isoprene emission was measured by connecting the cuvette outflow, through a polytetrafluoroethylene (PTFE) tube, to a proton transfer reaction time-of-flight mass spectrometer (PTR-TOF 8000; Ionicon, Innsbruck, Austria) following the protocol of Tholl et al. (2006) . The emission rate was then calculated by subtracting background gas emission from the empty cuvette, and normalizing to leaf area. Isoprene inside the leaf airspaces was calculated using the equation of Singsaas et al. (1997) .
Analysis of free ABA and ABA-glucoside ester (ABA-GE)
Abscisic acid concentration was determined on 300-350 mg leaf tissue (previously frozen in liquid nitrogen) to which 50 ng of deuterated abscisic acid (d 6 -ABA) and 50 ng of d 5 -ABA-GE were added, extracted with 3 ml of CH 3 OH/H 2 O (50/50 pH 2.5 with HCOOH) at 4°C for 30 min. The supernatant was partitioned with 3 × 3 ml of n-exane, the aqueous-methanolic phase
Tree Physiology Online at http://www.treephys.oxfordjournals.org loaded onto Sep-Pak C18 cartridges (Waters, Milford, MA, USA), and washed with 2 ml of water pH 2.5. Free ABA and ABA-GE were then eluted with 1.2 ml ethylacetate, the eluate dried under nitrogen, and rinsed with 500 μl CH 3 OH/H 2 O pH 2.5 (50/50). Identification and quantification of free ABA and ABA-GE was performed using liquid chromatography-electrospray/tandem mass spectrometry (LC-ESI-MS-MS). This method allowed to quantify both free ABA and ABA-GE overcoming the limitation both of conventional HPLC-DAD analysis and radioimmunoassay. Three microliters of sample solution were injected in Agilent LC1200 chromatograph coupled with an Agilent 6410 triple quadrupole MS detector equipped with an ESI source (all from Agilent Technologies, Santa Clara, CA, USA), operating in negative ion mode. Metabolites were separated in a Poroshell C 18 column (3.0 × 100 mm, 2.7 μm i.d., Agilent Technologies) using a linear gradient solvent system at a flow-rate of 0.3 ml min −1 ranging from 95% solvent A (H 2 O with the addition of 0.1% HCOOH) to 100% solvent B (CH 3 CN/CH 3 OH, 1/1, with the addition of 0.1% of HCOOH), during a 30-min run. Quantification was conducted in multiple reaction mode as reported in López-Carbonell et al. (2009) . Molar concentration of ABA was calculated using the mean ratio of leaf dry mass and leaf fresh mass, and then expressing ABA on a leaf tissue water basis (Tattini et al. 1996) . The concentration of ABA and ABA-GE was expressed per unit leaf area, as for isoprene, to better compare MEP-derived products.
ACC and ethylene analyses
The concentration of ACC was determined according to the protocols previously reported by Concepcion et al. (1979) and by Bulens et al. (2011) , based on the oxidation of ACC to ethylene. One milliliter of an aqueous solution of sulfosalicylic acid (5%) was added to 1.5 cm −2 leaf disks, the fresh weight of which ranged between 300 and 350 mg. The samples were incubated for 30 min at 4°C, centrifuged at 4°C for 10 min (3000 × g), and 600 μl of the supernatant was collected in a 20 ml glass GC-vial to which 200 μl 10 mM HgCl 2 aqueous solution was added. The reaction vial was capped with rubber serum stoppers and aluminum caps, and 200 μl of a NaOH/NaOCl (2/1) mixture was added. Reaction mixtures were shaken for 5 min and then kept for 4 min in ice, after which ethylene was measured using an ethylene detector ETD-300 with a valve control box, operating at gas flow of 3 l h −1 (all from Sensor Sense B.V., Nijmegen,
The Netherlands). The quantification was performed using a six-points calibration curve of authentic ACC standard (Sigma Aldrich, Milan, Italy). Ethylene emission rate was measured in leaves detached from each sapling, enclosed in 50 ml glass vials with airtight seal, and incubated at a PPFD of 1000 μmol m −2 s −1 for a 60-min period. Ethylene concentration was measured extracting the headspace from the vial, flushing air through the seal at a flow-rate of 200 ml s −1 and directing the gas flow to the PTR-TOF equipment reported above using a short PTFE tube, following the protocol reported previously in Cappellin et al. (2014) . The ethylene emission rate was then estimated by subtracting background measurements and normalizing ethylene concentration in the sample headspace to sample dry weight, vial volume and incubation time. After ethylene emission measurements, leaf size was measured with an LI-COR LI-3000C leaf area meter.
Statistics
Four replicates for each water treatment were measured during the experiment. Data were first tested by a repeated-measures analysis with ANOVA (Table 1) , with water as between-subjects effect and time as within-subjects effect (IBM SPSS 20.0 software, SPSS Inc., Chicago, IL, USA). Then, significant differences (5% level) between treatments were tested, at each sampling date, by a one-way ANOVA.
Results

Gravimetric SWC and Ψ l
At the end of water stress treatment, gravimetric SWC was on average 0.37 kg kg −1 in soil of WW plants and in the irrigated compartment of WD plants, while it dropped to 0.12 in DD plants and to 0.18 in the dry compartment of WD plants (data not shown). Leaf water potential (Ψ l ), estimating plant water status, declined already after 2 days of water stress in DD leaves, but did not decrease further as water stress progressed ( Figure 1 and Table 1 ). Leaf water potential, Ψ l , did not differ between WW and WD leaves along the duration of the water stress. Therefore, plants in which only one root portion dried out did not suffer from alteration of leaf water status.
Gas exchange and ETR
DD leaves showed significant declines in gas exchange. A significant decline in A and g s occurred already after 2 days of water stress in DD plants (Figure 2a and b) . After 5 days of water stress, A and g s of DD leaves accounted, respectively, for just 13% and 3% of values of WW leaves. Limitations to photosynthesis were mostly diffusional in DD plants during the first 3 days of water stress, as revealed by the rapid and parallel decline Table 1 . Repeated measures analysis of variance for leaf water potential (Ψ l ), Isoprene emission, ABA and ABA-GE concentration in Populus nigra saplings measured on the second and the fifth day of three different water treatments. Significance values are indicated as ***P < 0.001, **P < 0.01, *P < 0.05; ns = not significant. of C i and g s (Figure 2a-c) . Afterwards, biochemical limitations may have probably may have occurred, as C i remained constant (Figure 2c ). No differences of gas exchange between WW and WD leaves were observed (Figure 2a-c) . Stress-induced limitation of photosynthesis resulted into a nearly exponential increase in the ratio of electron transport rate to net photosynthesis (ETR/A) in DD plants, but not in WW and WD plants (Figure 2d ). Electron transport rate/A was~500% higher in DD than in WW and WD leaves by the end of water stress treatment.
Isoprene emission
Isoprene emitted by DD leaves increased and was on average 50% higher than in WW and WD leaves after 2 days of water stress ( Figure 3 and Table 1 ). As water stress progressed, isoprene emission in DD leaves remained significantly higher than in WW and WD leaves throughout the experiment. As photosynthesis declined in response to water stress, the fraction of photosynthetic carbon lost as isoprene (C iso ) by DD leaves was significantly higher than in WW and WD leaves (data not shown). A strong positive correlation between ETR/A and C iso over the entire experimental period was observed (Figure 4) . Furthermore, isoprene concentration inside leaves (I i ) increased steeply only in DD leaves during stress progression ( Figure 5 ).
Free ABA and ABA-GE concentrations WD treatment did not show any foliar ABA accumulation compared with WW. The concentration of free ABA was significantly higher (two-fold) in DD than in WW and WD leaves after 2 days of water stress, and became 20-fold greater in DD than in WW and WD when the stress was severe (Day 5, Figure 6a ). The concentration of ABA-GE, which was unaffected early during water stress, was also much higher in DD leaves than in WW and WD leaves when the stress became severe (Figure 6b and Table 1 ). The ABA-GE concentration was two orders of magnitude higher than free ABA concentration in all leaves. However, the ratio of ABA-GE to free ABA decreased as water stress progressed in DD leaves, reflecting the large increase of free ABA in these leaves.
ACC content and ethylene emission
The concentration of ethylene precursor ACC and the emission of ethylene were measured after 5 days of water stress (Figure 7 ). ACC concentration was significantly higher (+120%) in DD leaves than in WD and WW leaves (Figure 7a ), but ethylene Figure 1 . Leaf water potentials in Populus nigra saplings measured during three different water treatments: full irrigation of the root system (WW, black bars), partial root zone drying (WD, gray bars) and complete drying (DD, white bars). Data represent means of each treatment ± SE. Different letters indicate significant difference between treatments in the same day (P < 0.05).
Figure 2. (a) Leaf net photosynthesis (A), (b) stomatal conductance (g s ), (c) intercellular CO 2 concentration (C i ) and (d) electron transport rate/photosynthesis ratio (ETR/A) measured on Populus nigra
saplings subjected for 5 days to different water treatments: full irrigation of the root system (WW, black points), partial root zone drying (WD, gray points) and complete drying (DD, white points). Data represent means of each treatment ± SE. Asterisks indicate significant differences between WW and DD (*P < 0.05, **P < 0.01, ***P < 0.001). No significant difference was found between WW and WD.
Tree Physiology Online at http://www.treephys.oxfordjournals.org emission by DD leaves did not increase with the stress, remaining similar to WW leaves, whereas WD treatment increased foliar ethylene emission by 68% compared to WW and WD (Figure 7b ).
Discussion
Drying the entire root zone significantly increased isoprene ( Figure 5 ) biosynthesis and emission (Figure 3 ). It is known that isoprene emission becomes uncoupled from photosynthesis under progressive water stress (Tingey et al. 1981 , Sharkey and Yeh 2001 , Brilli et al. 2013 . Previous experiments have shown that isoprene emission is resistant to water stress, whereas photosynthesis is rapidly inhibited by it (Brilli et al. 2007 . However, isoprene emission may even increase in response to moderate water stress (Funk et al. 2004 , Tattini et al. 2014 ). In our case, however, isoprene emission was stimulated not only at early stage of water stress (e.g., Days 2 and 3 in DD leaves), but even when photosynthesis declined by 85%, as in DD leaves at Day 5. We suggest that two components might have caused the large increase of isoprene emission in response to water stress in our Tree Physiology Volume 37, 2017
plants over the duration of our study. At moderate stress levels, the reduced C i might have stimulated isoprene emission, because assimilation is Rubisco-limited and excess NADPH allows more NADPH to be used in DMADP synthesis (Centritto et al. 2004 , Possell and Hewitt 2011 . Accordingly, there is an inverse relationship between isoprene emission and C i in poplars , Pallozzi et al. 2013 . A reduction of C i of 50-100 ppm, as in DD plants, might have stimulated isoprene emission by 40-120%. At severe stress levels, when photosynthesis declined as much as 85% in DD plants, sources of carbon alternative to photosynthesis could have been used to produce isoprene (Funk et al. 2004 , Rasulov et al. 2015 . Indeed, Brilli et al. (2007) showed that~60-85% of isoprene derives from carbon sources other than direct photosynthesis in severely stressed poplar leaves. It has been suggested that the maintenance of isoprene emission when photosynthesis is severely depressed might be due to stored carbon reserves such as xylem-transported glucose and/or chloroplastic starch (Affek and Yakir 2003 , Funk et al. 2004 , Schnitzler et al. 2004 ). Interestingly, the growing investment of carbon into isoprene biosynthesis of water-stressed plants was positively correlated to the ETR/A ratio, i.e., to the rate of reducing power in excess of that used to drive photosynthesis in stressful conditions. These data support the idea that isoprene emission may represent a safety valve to dissipate excess of reducing power, as recently proposed both in modeling and experimental studies ). However, this hypothesis must be considered with some caution, as other sinks might have much higher requirement for reducing power than isoprene biosynthesis pathway under severe water stress. This might have been the case for photorespiration, which has certainly been shown to be enhanced under water stress (Loreto et al. 1994 ). Nevertheless, a higher isoprene biosynthesis could have also prevented accumulation of DMADP and its feedback down-regulation of the whole MEP pathway (Banerjee et al. 2013 , Ghirardo et al. 2014 . By keeping active the whole MEP pathway, sustained isoprene biosynthesis could allow unconstrained biosynthesis of other essential isoprenoids of great importance under severe water stress, such as carotenoids and their derivative hormone ABA (Rasulov et al. 2014 , Tattini et al. 2015 . Besides serving as a sink for excess reducing power, isoprene might have helped protect the plants against oxidative stress induced by water-stressed conditions as postulated by Vickers et al. (2009) , directly or indirectly protecting membranes from oxidative damage caused by inefficient use of light (Velikova et al. 2011 ). The WD treatment was used to maintain leaf water status while exposing plants to drying soil, thus providing understanding of hormonal effects, as in split-root studies used to develop the irrigation approach called partial root drying (PRD) (Kang and Zhang 2004 , Sobeih et al. 2004 , Centritto et al. 2005 ). We present the first observation that in P. nigra isoprene emission was not affected by PRD. Indeed, WD plants seemed not to be affected by water stress as all physiological indicators, except for ethylene evolution, were not perturbed by the treatment. This confirms earlier studies showing the importance of PRD as a technique to save water without affecting plant biochemistry, and without decreasing primary productivity and growth of plants (Davies et al. 2002 , Kang and Zhang 2004 , Aganchich et al. 2009 . Instead, PRD increases wateruse efficiency, especially when wet and dry root zones are alternated , Kudoyarova et al. 2015 , independently of variation in foliar ABA concentration (Pérez-Pérez et al. 2012) . Furthermore, PRD was also found to stimulate the antioxidant system of olive trees (Aganchich et al. 2009 ), upregulating activities of superoxide dismutase and peroxidases, even when plants, similar to our WD treatment, were irrigated to pot capacity one side of the root system while withholding water to the second root compartment. Volatile isoprenoids are believed to be also important antioxidant agents in the defense system orchestrated daily by plants (Vickers et al. 2009 , Tattini et al. 2015 . Aganchich et al. (2009) observed a slight reduction of stomatal conductance and growth in plants that were exposed to PRD. However, these observations were not confirmed in our short-time experiment. Perhaps, prolonged water Tree Physiology Online at http://www.treephys.oxfordjournals.org withholding is needed to impact both growth and photosynthesis and perturb isoprene metabolism.
The only parameter that seemed to respond to PRD was ethylene. Previous studies reported an increase in ethylene emission when mild soil drying did not affect leaf water status (Kalantari et al. 2000 , Sobeih et al. 2004 . Ethylene is synthetized through the conversion of S-adenosine-L-methionine (SAM) to ACC catalyzed by ACC synthase (ACS), and the oxidation of ACC to ethylene catalyzed by ACC oxidase (ACO). In leaves of plants exposed to PRD, the activity of ACC oxidase may significantly increase, promoting ethylene biosynthesis without a contribution from root ACC export (Ouvrard et al. 1996) . Increased ethylene biosynthesis might eventually lead to either stomatal closure via H 2 O 2 accumulation (Desikan et al. 2006 ), or to stomatal opening via inhibition of ABA biosynthesis (Tanaka et al. 2005) . However, none of these effects was observed in our treatment and, in accordance with Sobeih et al. (2004) , ethylene emission was promoted despite ABA levels remained unchanged in WD plants, as further elucidated below.
Abscisic acid has long been proposed as a chemical signal of water deficit, being transported from roots to shoots Zhang 1991, Sauter et al. 2002) and eventually triggering stomatal closure. In many split-root/PRD studies (Blackman and Davies 1985 , Davies and Zhang 1991 , Khalil and Grace 1993 , the concentration of foliar ABA was stimulated by the PRD treatment. This was not the case in our experiment, as ABA and, as a result, g s were similar in WD and WW leaves. The lack of any alteration in the foliar level of ABA in the PRD plants could be associated with there being no observed response in the leaf water potential that could stimulate ABA biosynthesis or an increase in the export of ABA from the dry part of the root system . The high concentration of ABA-GE in WW plants might indicate that ABA biosynthesis occurred also in leaves of poplars under optimal water availability. We suggest that high foliar ABA-GE might be associated to large quantities of isoprene, indicating high flux of carbon into the MEP pathway (Barta and Loreto 2006) . However, Ghirardo et al. (2014) have recently indicated that isoprene competes with non-volatile isoprenoids formed by MEP. Clearly, this interesting issue needs further investigation. De-glucosylation of ABA-GE to free ABA through a specific β-glucosidase is activated by a hydraulic signal, i.e., following the decline in leaf water potential (Lee et al. 2006 , Xu et al. 2012 ). In our experiment, leaf water potential did not decline in WD, but only in DD plants. Consistently, the ABA-GE to free ABA ratio was similar in WD and WW leaves, whereas it decreased significantly in DD leaves concurrent with an increase of free ABA. Considering the different velocities of the hydraulic and chemical root signals as well as the rapidity of the stress treatment, it is suggested that decline of leaf water potential induced by drought may have activated the de novo ABA biosynthesis through the MEP pathway, which consequently might have represented the most relevant source of ABA even under reduced water availability (Manzi et al. 2015 , McAdam et al. 2016 , Mitchell et al. 2017 . The hydraulic signal is mostly involved in mediating plant Figure 8 . A simplified model describing the effects of partial (WD, a) and full root drying (DD, b) on phytohormonal interactions in Populus nigra in comparison to well-watered (WW) plants. Black symbols and arrows denote increases while white symbols and arrows indicate decreases in physiological and biochemical related traits relative to WW plants. Gray symbols and arrows denote no significant changes in the examined traits; dotted lines indicate fluxes of ABA as reported in the literature Zhang 1991, Martin-Vertedor and Dodd 2011) ; ┬ signifies the antagonistic role between ABA and ethylene (Wilkinson and Davies 2010) . In DD plants, water stress enhances the flux of fresh assimilated carbon in the MEP pathway, thus leading to an increase in isoprene emission and also contributing to the biosynthesis of free ABA and ABA-GE (Mitchell et al. 2017) . In turn, higher foliar ABA depresses the activity of ACC ox and reduces ethylene biosynthesis and emission. In WD plants, foliar ABA was relatively similar to WW plants, whereas ethylene biosynthesis increased due to enhanced ACC transport and/or an increase in the activity of ACC ox . Ψ w = water potential; MEP = methylerythritol 4-phosphate; ABA = abscisic acid; ABA-GE = ABA-glucoside; ACC ox = 1-aminocyclopropane-1-carboxylic acid oxidase.
Tree Physiology Volume 37, 2017 responses during early stage of water stress (Comstock 2002, Schachtman and Goodger 2008) and, consequently, might also control biosynthesis of foliar ABA ahead of ABA transport from roots (Christmann et al. 2005 , Ikegami et al. 2009 , Goodger 2013 , McAdam et al. 2016 (Figure 8 ). The DD data also support previous results on the regulation of stomatal conductance through a combination of chemical and hydraulic signaling (Davies and Zhang 1991 , Sauter et al. 2002 , Christmann et al. 2007 , Jiang and Hartung 2008 , Wilkinson and Davies 2010 during water stress progression, when stomatal conductance dropped by 80% in DD leaves from Day 2 to Day 5. This was clearly shown by the concomitant enhancement from Day 2 to Day 5 in DD leaves of ABA-GE (+110%) and in particular of free ABA (+987%).
Several studies report antagonistic functions between ABA and ethylene Davies 2010, Rowe et al. 2016) in the control of plant physiology, growth and development, though some ethylene functions overlap with those served by ABA (Morgan and Drew 1997 , Kalantari et al. 2000 , Cheng et al. 2009 ). Ethylene increased in response to PRD. However, the marked enhancement in ACC levels in DD leaves strangely did not result in a further increase of ethylene emission. The activity of ACC oxidase might have been inhibited by the elevated ABA levels in our severely stressed leaves (Cheng et al. 2009) (Figure 8 ). Indeed, after 5 days of water stress~20 μM of ABA were found in DD leaves, a concentration sufficient to effectively reduce the expression of ACC oxidase genes (Kim et al. 1997 , Arc et al. 2013 ).
In conclusion, our study confirms a decoupling between photosynthesis and isoprene emission under water stress conditions and supports a relationship between isoprene and ABA biosynthesis at leaf level. The steep enhancement of foliar free ABA under severe water stress was accompanied by no change in ethylene biosynthesis, which confirms the antagonism between these two stress hormones. We hypothesize that an ACC increment under drought was determined by a deactivation of ACC oxidase. We speculate that the results of our experiment, even if not conclusive, suggest a potential multiple relationship among isoprene, ABA and ethylene biosynthesis in poplar plants exposed to water stress. When severe stress was applied (DD plants) isoprene concentration inside leaf increased steeply, supporting the hypothesis of its role in protecting plants challenged by drought.
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